X-Ray-pure samples of the solid solutions (Ce 1−x La x )RuSn were obtained up to x = 0.5. Powder diffraction data show the CeRuSn-type superstructure up to x ≈ 0.3 and the CeCoAl-type subcell for higher lanthanum contents. The structure of a single crystal with x = 0.5 was refined on the basis of single-crystal X-ray diffractometer data: CeCoAl type, C2/m, a = 1160.8(2), b = 477.6(1), c = 511.6(1) pm, β = 102.97(2) • , wR = 0.0510, 444 F 2 values, 20 variables. Magnetic investigations were performed for all samples up to a lanthanum content of x = 0.4. No cooperative phenomena could be observed, and all samples show Curie-Weiss behavior above a certain temperature. The cerium valence is about 3.32(2) for all samples of the solid solution. Hence, La 3+ has to replace Ce 3+ as well as Ce 4+ in a particular quantity. The electrical resistivity measurements confirm the suppression of the magnetic ordering and the structural transition upon replacement of cerium by lanthanum. 119 Sn Mössbauer spectra of samples with x = 0.2 and 0.5 are indicative of single tin sites with isomer shifts of δ = 1.86(1) mm s −1 for x = 0.2 and δ = 1.88(1) mm s −1 for x = 0.5. Both signals are subject to significant quadrupole splitting, a consequence of the low site symmetry. Results of XANES measurements are perfectly in line with the cerium valences determined by susceptibility measurements and yield a constant value of 3.16(1) for all investigated compounds.
Introduction
The equiatomic intermetallic compounds CeTX (T = electron-rich transition metal; X = element of the 3 rd , 4 th , or 5 th main group) show a broad variety of different magnetic ground states depending on the crystal structure and the valence electron count. Most CeTX compounds show antiferromagnetic ordering at low temperature but also a few ferromagnets have been observed. Very detailed studies were performed for the valence fluctuating compounds, e. g. CeRhGa [1] , CeNiIn [2] , CeRhIn [3] , CeRhSn [4] , or CeRhSb [5] . These intermetallics have only one crystallographic cerium site, leading to non-integer cerium valences over the whole temperature range.
The recently reported ternary stannide CeRuSn [6 -13] shows more complicated valence behavior. At room temperature CeRuSn crystallizes with a superstructure of the monoclinic CeCoAl type with an ordering of trivalent and intermediate-valent cerium on distinct Wyckoff positions. The structure becomes incommensurate at low temperature. These structural changes have a strong influence on the magnetic and transport properties [8 -13] .
Besides investigations of changes in the structural and physical properties induced by temperature, we also started systematic studies of property changes in CeRuSn by substitution. Our first experiments concentrated on the solid solution Ce(Ru 1−x Rh x )Sn [14] . Upon small degrees of Ru/Rh substitution, the structure readily switches to the hexagonal ZrNiAl type of CeRhSn. Thus, ruthenium is inevitable for stabilization of the monoclinic structure. Herein we report on structural and property studies of the 
Experimental

Synthesis
Starting materials for the syntheses of the (Ce 1−x La x )RuSn samples were sublimed lanthanum and cerium pieces (Sigma-Aldrich or smart elements, > 99.9 %), ruthenium powder (Allgemeine Pforzheim, > 99.99 %), and tin granules (Merck, > 99.95 %). Small pieces of lanthanum and cerium were first cut under dried (sodium wire) paraffin oil, washed with dried (sodium wire) n-hexane, and kept under argon in Schlenk tubes prior to the reactions. In a first step, lanthanum and cerium pieces were weighed in the desired atomic ratio (Table 1) and first arc-melted [15] under an argon atmosphere of ca. 700 mbar. The argon was purified over titanium sponge (900 K), silica gel, and molecular sieves. The Ce 1−x La x buttons were then mixed with appropriate amounts of ruthenium (cold-pressed as a pellet) and pieces of the tin granules. The elements were then arc-melted three times to ensure homogeneity. The resulting samples are stable in air over months. Small single crystals of these samples have metallic luster while ground polycrystalline powders are dark grey.
X-Ray diffraction
The polycrystalline (Ce 1−x La x )RuSn samples were characterized by Guinier patterns (imaging plate detector, Fujifilm BAS-1800) with CuK α1 radiation and α-quartz (a = 491.30 and c = 540.45 pm) as an internal standard. The monoclinic lattice parameters reported in Table 1 were obtained from standard least-squares fits. For the x = 0.5 sample we observed good agreement between the powder and single-crystal data.
Small single crystals were selected from the crushed (Ce 0.5 La 0.5 )RuSn sample. The crystals were glued to thin quartz fibers and first investigated by Laue photographs in a Buerger camera (white molybdenum radiation; imaging plate technique, Fujifilm, BAS-1800). Intensity data of a suitable crystal were collected at room temperature using a Stoe IPDS-II imaging plate diffractometer in oscillation mode (graphite-monochromatized MoK α radiation). A numerical absorption correction was applied to the data set. Details about the data collection and the crystallographic parameters are summarized in Table 2 . (4) 135 (7) 74 (5) 85 (14) 121 (8) 350(6) Sn 4i 0.41425(9) 0 0.19261 (19) 146 (6) 74 (4) 140 (6) 45 (4) 118 (3) Ce/La: 1 Ru 261. 
Structure refinement
Careful examination of the data set showed only the small C-centered monoclinic subcell and no further systematic extinctions. As an example we present the h3l layer ( Fig. 1 ) which was calculated from the data set integrated for the 2c superstructure. The diffraction data clearly show the breakdown of the superstructure. The atomic positions of CeCoAl [16] , space group C2/m, were then taken as starting values, and the structure was refined using the JANA2006 package [17, 18] with anisotropic atomic displacement pa- Fig. 1 (color online). The reciprocal layer h3l calculated from the diffractometer data set (integrated for the 2c superstructure cell). The unit cells of the subcell (red) and the superstructure (green) are given. Blue circles denote positions of (not detected) superstructure reflections. rameters (ADPs) for all atoms. In a separate refinement of the occupancy parameters no deviation from the ideal composition was observed. The 4i Ce/La site was refined with a fixed Ce : La ratio of 50 : 50. A final difference Fourier synthesis showed no significant residual peaks. The refined atomic positions, the ADPs, and the interatomic distances are given in Tables 3 and 4 .
Further details of the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.de, http:// www.fiz-karlsruhe.de/request for deposited data.html) on quoting the deposition number CSD-426673.
Magnetic susceptibility and electrical resistivity measurements
The magnetic susceptibility measurements were carried out on a Quantum Design Physical Property Measurement System (PPMS) using the VSM (Vibrating Sample Magnetometer) option. For the measurement approximately 20 mg pieces of single-phase samples were packed in kapton foil and attached to the sample holder rod. Magnetic investigations were performed in the temperature range of 2.5 to 305 K with magnetic flux densities up to 80 kOe (1 kOe = 7.96 × 10 4 A m −1 ).
The measurement of the electrical resistivity was carried out above 4.2 K on a bar of 0.5 × 0.5 × 3 mm 3 using a standard dc four probe method with silver paint contacts and an intensity current of 10 mA. Due to the presence of many pores and micro cracks in the samples, the absolute value of ρ(T ) could not be determined accurately; for this reason, the reduced resistivity ρ(T )/ρ(270 K) is reported here.
Sn Mössbauer spectroscopy
A Ca 119m SnO 3 source was available for the 119 Sn investigations, and a palladium foil of 0.05 mm thickness was used to reduce the tin K X-rays concurrently emitted by this source. The measurements of the (Ce 0.5 La 0.5 )RuSn and (Ce 0.8 La 0.2 )RuSn samples were performed in the usual transmission geometry at room temperature. The samples were placed within a thin-walled PMMA container at a thickness corresponding to about 10 mg Sn cm −2 . Spectra were fitted with the NORMOS-90 program system [19] .
XANES -X-ray absorption near edge structure
X-Ray absorption spectra at the CeL III edge were collected at BM01-B (Swiss Norwegian Beamlines, SNBL) at the European Synchrotron Radiation Facility (ESRF), Grenoble, France. The electron energy in the storage ring was 6 GeV with a maximum current of 200 mA. The measurements were performed in transmission mode using a Si (111) double crystal monochromator. The second crystal of the monochromator was detuned by 60 % in order to suppress higher harmonic radiation. The intensities of the incident and transmitted X-rays were monitored with nitrogenand helium-filled ionization chambers. All spectra were acquired in a continuous scanning mode from 5680 to 5874 eV, with energy steps of 0.3 eV for 15 min each scan.
The samples, after being grounded in an agate mortar using cyclohexane to avoid oxidation, were homogeneously mixed with cellulose powder (Sigma-Aldrich) in order to optimize the edge jump and pressed into pellets. Measurements were performed at ambient conditions. Data were recorded with Ce 2 (CO 3 ) 3 or CeO 2 as trivalent and tetravalent cerium reference compounds, respectively. The ATHENA software was used for processing and fitting of the data.
Results and Discussion
Crystal chemistry and course of the solid solutions
The ternary stannide CeRuSn crystallizes with its own peculiar crystal structure, space group C2/m [6] . At room temperature the structure can be considered as a superstructure of the monoclinic CeCoAl type, resulting from an isomorphic symmetry reduction of index 2, paralleled by a doubling of the c lattice parameter. For a detailed crystal-chemical discussion we refer to our previous studies [6 -9] . Herein we focus only on the differences in the cerium coordination in the superstructure and the solid solution (Ce 1−x La x )RuSn. The corresponding near-neighbor co-ordinations are presented in Fig. 2 . The ordering of trivalent and intermediate-valent (almost tetravalent) cerium in CeRuSn causes severe differences in the interatomic distances. The Ce2 atoms are trivalent with Ce2-Ru distances of 288 and 291 pm, in close agreement with the sum of the covalent radii of 289 pm [20] . This is different for the Ce1 atoms. The smaller effective size of almost tetravalent Ce1 leads to drastically shortened Ce1-Ru distances of 233 and 246 pm, also observed in many intermetallics based on Ce and Ru [21, 22] . These are a consequence of strong covalent Ce1-Ru bonding [7] , the strongest bonding interactions in the CeRuSn structure. Also the Ce-Ce distances are affected by the differing Ce-Ru bonding: Ce1-Ce1 = 364 and 400 pm vs. Ce2-Ce2 = 394 and 376 pm (Fig. 2) .
The important question for the solid solutions (Ce 1−x La x )RuSn concerns the cerium site occupancies. Since cerium and lanthanum differ only by one electron, even high-quality single-crystal X-ray data will not help to answer this question undoubtedly. Thus our discussion relies on the course of the lattice parameters and single-crystal data of the (Ce 0.5 La 0.5 )RuSn compound with a fixed ratio of Ce : La. Substitution of cerium by lanthanum leads to a small increase of the cell volume up to x ≈ 0.3 (Fig. 3) . This is understandable in view of the slightly larger size of the lanthanum atoms. Careful inspection of the Guinier powder patterns for the samples up to x ≈ 0.3 still showed weak superstructure reflections. Samples from x ≈ 0.3 up to x = 0.7 show only the subcell, and the increase of the cell volume is much more pronounced (Fig. 3 and Table 1 ). One might speculate that the La atoms preferably substitute on the trivalent Ce2 site and from x ≈ 0.3 La also substitutes the Ce1 sites which leads to longer La III -Ru distances (as compared to Ce ∼IV -Ru). Taking the magnetization measurements into account, no preferred substitution can be predicted which will be discussed later. The subcell structure is only stable up to x ≈ 0.7. Higher lanthanum content leads to other phases. Our phase-analytical studies gave no hint for a pure equiatomic sample with composition LaRuSn.
Although the single-crystal data do not allow for Ce/La distinction, we can examine the influence on the average Ce/La-Ru distances. As is evident from Fig. 2 , we observe Ce/La-Ru distances of 261 and 267 pm, more or less in between the data for Ce1 and Ce2 in the superstructure (Table 4 ). The same holds true for the Ce-Ce distances. A strong hint for still existing short Ce-Ru distances (at least in small domains) is the strongly enhanced U 33 parameter for the Ru atoms. This is exactly the direction in which the ruthenium atoms show the highest shifts in the atomic parameters upon formation of the superstructure.
Magnetic susceptibility data
Magnetic investigations were performed for all samples up to a lanthanum content of x = 0.4. Figs. 4 and 5 display the temperature dependence of the magnetic susceptibility and its reciprocal (χ and χ −1 data) of (Ce 0.9 La 0.1 )RuSn and (Ce 0.6 La 0.4 )RuSn compounds measured with a magnetic field of 10 kOe. To compare the magnetic behavior the reciprocal susceptibility of all samples is shown in Fig. 6 . No cooperative phenomena could be observed for any compound. Susceptibility measurements of (Ce 0.95 La 0.05 )RuSn (not shown here) have proven that five percent of lanthanum is already enough to suppress the hysteresis that occurs for pure CeRuSn [6] . (Ce 0.9 La 0.1 )RuSn shows Curie-Weiss behavior over the whole temperature range (Fig. 4) . However, the reciprocal magnetic susceptibility of (Ce 0.6 La 0.4 )RuSn exhibits a linear temperature dependence only above 100 K (Fig. 5) .
Deviations from the Curie-Weiss law can be observed for all compounds with a higher lanthanum content than x = 0.1 ( Fig. 6 ) and are, most likely, related to crystal field effects (CEF). In a hexagonal symmetry, for example, the Ce 2 F 5/2 state is split into three doublets [23 -25] . No relationship between the lanthanum content and the magnetic field splitting could be observed. Due to this fact no fitting of the different magnetic states has been performed. Table 5 presents the fitting results for all investigated compounds with the Curie-Weiss law. These results, as well as Fig. 6 , clearly indicate an increase of the reciprocal magnetic susceptibility with higher lanthanum contents. Calculations of the Curie constants as a function of the cerium content prove intermediate valence behavior, however, without pronounced changes. Because of the two different cerium sites in the CeRuSntype structure, it is not easy to calculate the magnetic moment or the accurate cerium valences.
(Ce 0.6 La 0.4 )RuSn crystallizes in the CeCoAl-type structure and exhibits only one cerium site. Accordingly, the cerium valence can definitely be calculated by comparison of the determined effective magnetic moment with the theoretical one. Fitting the susceptibility measurement of (Ce 0.6 La 0.4 )RuSn with a Curie-Weiss law yields a Curie constant of C m = 0.36 emu * K/mol and an effective magnetic moment µ eff = 1.71 µ B mol −1 (µ eff = (8C m ) 1/2 ). In comparison with the theoretical effective magnetic moment of 2.54 µ B mol −1 for a free Ce 3+ ion a cerium valence of about 3.33(2) can be assumed for (Ce 0.6 La 0.4 )RuSn.
The results of the magnetic measurements suggest that no cerium site is substituted preferably by lanthanum atoms because of the overall constant cerium valence. If the trivalent Ce2 site would be substituted at first, a higher amount of Ce 4+ should be observed. The continuous substitution of lanthanum on the Ce1 site causes weaker Ce1-Ru interactions, which lead to the breakdown of the CeRuSn superstructure.
Electrical resistivity
The temperature dependence of the reduced electrical resistivity ρ(T )/ρ(270 K) of the (Ce 1−x La x )RuSn compounds with x = 0.25 and 0.40 reveals several characteristics ( Fig. 7) : (i) between 270 and 25 K, ρ(T )/ρ(270 K) decreases but reveals a downward curvature; such behavior is expected for Kondotype interactions in the presence of crystal field effects as observed for many compounds based on cerium [26] ; (ii) below 25 K, ρ(T )/ρ(270 K) increases It is interesting to note that the value of ρ(T ) = ρ(270 K) determined at 4.2 K is smaller for (Ce 0.6 La 0.4 )RuSn than for (Ce 0.75 La 0.25 )RuSn indicating an increase of the metallic behavior in the solid solution following an increase of the lanthanum content. Finally, these curves reveal no anomaly as observed for CeRuSn [8] confirming the absence of magnetic ordering and of structural transition when lanthanum replaces cerium in CeRuSn. This agrees with the magnetization measurements. for x = 0.2 and Γ = 0.99(1) mm s −1 for x = 0.5. Thus, also the 119 Sn spectra point to the subcell structure. In contrast, the spectra of pure CeRuSn [11] show a superposition of two sub-spectra of the two crystallographically independent tin sites. The experimental line widths of the x = 0.2 and 0.5 samples are only slightly enhanced. This might be a consequence of domains with slightly differing compositions, since we deal with samples from solid solution with statistical Ce/La occupancy.
Sn Mössbauer spectroscopy
XANES -X-ray absorption near edge structure
As already proven for the solid solution Ce(Rh 1−x Ru x )Sn, X-ray absorption spectroscopy (XAS) at the CeL III edge is to be considered a powerful tool for studying the valence state in cerium compounds [14] . XANES gives a relevant representation of the electronic configuration yielding the 4 f occupation number. In the ground state of the mixed-valence compounds, the energies of Ce 4 f 0 and 4 f 1 configurations are located close to each other and mixed by the hybridization between the 4 f and conduction band states. In the final state of the CeL III XAS spectrum, the energies of the two configurations are assumed to be separated by a strong core-hole potential (∼ 10 eV) on the 4 f state. The spectrum exhibits a characteristic double-peak profile that is considered as an evidence of the mixed valence state. Assuming that the L III absorption is a single-particle process and neglecting final state effects, the intensity ratio of the two peaks can be used for an estimation of the averaged valence number.
The normalized Ce L III -edge XANES spectra for the (Ce 1−x La x )RuSn solid solutions are presented in Fig. 9 . The spectra of the references CeO 2 and Ce 2 (CO 3 ) 3 have been plotted for comparison. The XANES spectra were similar for all samples, exhibiting the characteristic double-bump feature for mixed valency. The main 'white line' at the energy of 5724 eV can be attributed to the final state configuration of Ce 3+ , and the shoulder observed at the energy of 10 -10.1 eV above the main white line can be ascribed to the Ce 4+ electronic configuration. The XANES spectra were fitted by a least-squares procedure using a simplified model that contains two arctangent functions to describe the transitions into the continuum states and two Lorentzian functions to take into account the 4 f states. Because there is a high overlap of these functions, the fittings were performed by carefully varying the parameters that define the Lorentzians and arctangent functions.
The values of the average valence are listed in Table 6 . Within the standard deviation the cerium valence is constant for all investigated compounds, which is perfectly in line with the results of the susceptibility measurements (vide supra). Consequently, no influence of the lanthanum content on the cerium valence can be observed. Considering that the cerium valence in CeO 2 determined by XANES is only about 3.5 [27] , the absolute value of 3.16(2) agrees very well with the value of 3.33(2) obtained by susceptibility measurements for (Ce 0.6 La 0.4 )RuSn. Since both methods prove a constant cerium valence, a value of 3.32(2) results for all compounds by magnetic susceptibility measurements.
